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1 Introduction an optimized determination of Hapke parameters.

We present new results on the bidirectional reflectance Mishchenkd has indicated that the approximations used in

distribution function (BRDF) and 8-deg directional- Hapke’s model are not appropriate for a close-packed me-

hemispherical reflectance of the Martian regolith simulant ehum. Hillier and Buratff have used a Monte Carlo scatter-

Johnson Space Center MarstlSC Mars-), performed IngTrr‘:\:cf]eSICfo; I;\(‘/:I]g:tisafr?trt:rmg fro.m a planetary sgrface.

; . . . . ; - golith simulant sample is thé-

g o:jrliezarc?Iﬁgzzrcecallzlﬁgr;%ttlonCe:ri(elt“(tBys(legaHTﬁ(ta Nfggﬁ}f/ mm-diame_ter fraction of Weathered volcanic a_eh fro_m Pu'u

scatterometet)ocated in a class-10,000 I.aminar-flow clean Nene, a cinder cone on the island of Hawail, which has
: ’ ; ' . been repeatedly cited as a close spectral analog to the

room, is a fully automated instrument capable of measuring bright Mars region&~! Additional information on the

the BRDF and 8-deg directional-hemispherical reflectance mineralogy’ reflectivify spectrd® and granulometry} has

of a wide range of sample types in the spectral range from been publiehed '

230 to 900 nm. The scatterometer can perform in-plane and ’

fol it ical The results of various experiments involving the Martian
out-of-plane BRDF measurements with a typical measure- eqqjith simulant on its microbial lifé? luminescence

ment uncertainty of less than 1%overage factok=1). signals'® particle charging® and electrical discharde

The experimental BRDF data were obtained with a nhave been reported in scientific journals. In the current pa-

monochromator-based Xe short-arc light source over aper we present very precise and accurate BRDF laboratory

range of in- and out-of-plane incident and scattered geom- measurements of the same material. The reported data are

etries. Data on 8-deg directional-hemispherical reflectancejntended to more completely describe the optical character-

were also measured and are reported here. istics of JSC Mars-1 regolith simulant through its diffuse
The planets are covered with a regolith layer that con- reflectance properties and should be of great interest and

sists of minerals with differing composition, size, and value to scientists working on the scattering of planetary

shape. It is important to know their physical properties and regoliths. We have examined our results in reference to

how electromagnetic radiation interacts with these regolith well-known scattering models.

layer components. The physics of incident light transmis-

sion, reflection, absorption, and multiple scattering by such

regolith layers is complex and is difficult to understand and 2 Background

model. The BRDF characterization of planetary and terres- The BRDF is a fundamental quantity describing the reflec-

trial objects is often used in remote sensing applications. To tance properties of samples in such different applications

date, a number of semiempirical models for analyzing the as remote sensin§, computer graphic¥’ and image

BRDF of particulate surfaces have been developed. Theinterpretation® It describes the variation of reflectance

Hapke modét*is most widely used in studies of the bidi-  with the illumination and scattered light directions. In many

rectional reflectance of regoliths. Lighdpas proposed a  materials the surface reflectance properties are described by

modified Hapke model, and Cord et®ahave proposed both specular and diffuse reflectance.
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Fig. 1 Defining the BRDF in terms of the usually adopted symbols.

The BRDF is defined as the ratio of the radiaricg
scattered by a surface into the directiofls (¢s) to the
collimated irradianceE; incident on a unit area of the
surface*®

_ Ls(ei ad’i 105a¢s-)\)
BRDF= Ei(6,¢i,N)

D

where 6 is the zenith angleg is the azimuth angle, the
subscripts ands are for the incident and scattered direc-
tions, respectively, and is the wavelength. The BRDF
angular convention is presented in Fig. 1.

P./Q

BRDF= P; cosé,’

)

wherePy is the scattered powef) is the solid angle deter-
mined by the detector aperture areand the radiuf from
the sample to the detectofd=A/R?); P; is the incident
power; andd, is the scattering angle.

The scatterometer we used to perform the reported mea-
surements is specified with a combined measurement un-
certainty of 1.0% k= 1), which depends on several instru-
ment parameters.The BRDF measurement uncertainty,
Agrpe, €an be evaluated and expressed in accordance with
NIST guideline®’ as

(Agrop)?=2(Ayg)?+ Z(ALIN)2+(ASLD)2+(A05tan05)2(:3)

whereA s is the noise-to-signal ratid\, y represents the
nonlinearity of the electronicd\g p is the error of the re-
ceiver view angleA 4 is the error of the total scattering
angle, andd; is the error of the receiver scattering angle.
The error of the receiver view anglag, p, is
(Asip)?=(28rm)*+(2AR7) 2+ (2ARA) %, (4)
whereAgy is the error in the goniometer receiver arm ra-
dius, Ag; is the error of the receiver arm radius due to
sampleZ-direction misalignment, and g, is the error of

the receiver aperture radius. The total scattering-angle er-
ror, Ay, is given by

(Age)?=(Agm)2+ (A )2+ (A gr)?, 5

In practice, the BRDF is usually described in terms of WhereA,, is the error of the goniometer scattering angle,
the incident power, the scattered power, and the geometryA 4 is the error due to samplé-direction misalignment,
of the reflected scatter. It is equal to the scattered power perandA 41 is the sample tilt error.

unit solid angle normalized by the product of the incident

power and the cosine of the detector view angle:

(b)

We used an integrating sphere attachment on the scatter-
ometer to measure the 8-deg directional-hemispherical re-

Fig. 2 (a) The scatterometer optical table rotated for 30-deg incident angle. (b) The scatterometer
goniometer with the detector at 60-deg zenith and 180-deg azimuth angles.

Optical Engineering

036202-2

March 2005/Vol. 44(3)



Georgiev and Butler: Bidirectional reflectance distribution function . . .

00T

0.0ED

BOnm E\ | B00rm
0070 ; /g i —a— 750 0O7s . F —m—nmn
0065 t .--'t S :._\i = E —G—g:fﬂ'l ] '!'"-! p —a— 3 e
e z = 3 i 350 rm = p —a— 350
wen | == o~ . i | T . = b el
0055 :'_v__*____.-ar ’_‘_,J '\\ gt s 450 nm EEI?EI [ H(. i
L.050 "'-..., \.‘-""l i :E :“n S _-____.r’ 500 nn
o e — 380
- 05 | m—a— g G\h Tt | = i L o800
; " : .
¥ 0040 -ﬁ""ﬁ S _-_:szr.-n & 0046 #,--*"E'J e e
- - 2 g | &
& po3s —a— i | g b ?E:. w 0.040 —e i
& i & " —o—B00 e L3 L a— 750 0m
m 00 e " @ ey A —— 300 e
0025 —a—k e —h—a =— 850 m . = 350 nm
i —o—BHom 0025 o 90N
020 (H el
i b0
0.0 0010 L o S T
; G—a—a—— TB—a o . L
0.005 b et e -
P 0.00s —= ok, T —a
0000 (000
-0 G0 80 40 30 -2 40 0 40 20 30 40 80 B0 T BD 4D -7 &0 -50 -40 -30 -0 10 4O 10 0 30 40 S &0 VI 80 S0

JoaRSETMIEL NGNS, Doy Scatter zenith angle, deg

Fig. 3 BRDF at normal incidence, in plane. Fig. 5 BRDF at 10-deg incident angle, in plane.

flectance of JSC Mars-1. The sphere collects and spatiallyjjjyminated by integrated light only. An interior baffle is

integrates the sample-scattered optical radiation. The spherg,mployed to block the detector from viewing light reflected
interior is made of Spectralon, giving it a high diffuse re- jrectly from the sample.

flectance over the UV-visible—near-IR region of the spec-
trum. The reflectance is generally above 99% over a range ;
from 400 to 1500 nm, and above 95% from 250 to 2500 3 Experimental ) ) )
nm. The sphere was designed with four ports, of which The scatterometd(Fig. '2), located in a class 10,000 lami-
three accommodate the sample, the detector, and the entrj@r flow clean room, is a fully automated instrument ca-
of the incident light. The fourth port is a spare and is typi- Pable of measuring the BRDF of a wide range of sample
cally closed using a Spectralon plug. The total port area is tyPes in the spectral range from 230 to 900 nm. There are
less than 5% of the total surface area of the sphere, andWo Possible light sources—a 75-W xenon short-arc lamp
radiation balance inside the sphere is established after afoupled to a Chromex 250SM scanning monochromator,
few internal reflections as possible. The light intensity in- and a helium-neon laser. Both light source assemblies are
cident on the detector should correspond to the averagemounted on the vertical optical table shown in Figa)2

light intensity inside the sphere. A silicon photodiode fixed 1Ne table can be rotated around a horizontal axis to change
to one port of the sphere was used as a primary detectorthe incident Ilght_angle. The _monochromatlc_beam is re-
The two most important considerations for placing the de- flected by a series of spherical and flat mirrors to the
tector arefi) the detector should not be directly illuminated Sample surface. The beam is mechanically chopped, and a
by the source, anli) the detector should not directly view Iock-ln_ data acquisition tgchnlque is u_sed. The dlffuse_scat-
any part of the sphere wall that is directly illuminated. The tered Ilght is collected using an ultraviolet-enhanced silicon
detector is supposed to view the part of the sphere wall Photodiode detector with output fed to a computer-

Scatter zenith angle, deg

Fig. 4 BRDF at normal incidence, 90 deg out of plane.
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Fig. 6 BRDF at 20-deg incident angle, in plane.
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. L . Fig. 9 BRDF at 50-deg incident angle, in plane.
Fig. 7 BRDF at 30-deg incident angle, in plane.

JSC Mars-1 sample. The scatterometer is regularly cali-
controlled lock-in amplifier. The sample is mounted hori- brated using the National Institute of Standards and Tech-
zontally as seen in Fig.(B), and can be moved in th§ Y, nology’s (NIST’'s) Special Tri-function Automated Refer-
andZz linear directions using three motor stages. There is anence Reflectomete(STARR).?! The DCaF facility also
additional rotary stage that allows sample rotation in the participates in round-robin test measurements with similar
horizontal plane. The position of the detector assembly is calibration institutions in the USA and abroad in the sup-
described by the scattering zenith and azimuth angles. Theport of numerous space-flight and non-space-flight pro-
detector assembly can be rotated around the vertical andgrams. The participating institutions, experimental protocol
horizontal axes of the goniometer. Using the sample motor for the EOS BRDF round robin, samples used, and results
stages, the surface of the sample is positioned at the crossre published elsewhet The agreement in BRDF data
point of the two perpendicular goniometer rotation axes, between the participating institutions depends on the inci-
which define the center of rotation of the goniometer sys- dent and scattered angles, wavelength, and sample.
tem. The detector field of view, 0.0048 sr, was centered on  The experiments were performed at different measure-
the calibration item for all measurements and was under- ment geometries corresponding to different combinations
filled by the incident beam, which had a spectral bandwidth of incident light angle€0, +10, 20,=30, 40, 50, and:60
of 12 nm. The BRDF is calculated by dividing the net deg, scattering azimuth anglg®, 90, and 180 degand
reflected signal by the product of the net incident and the scattering zenith anglé¢from 0 to 60 deg in 10-deg steps
projected solid angle from the sample surface to the detec-The BRDF was measured in the spectral range from 250 up
tor. Computer-controlled BRDF measurements are acquiredto 900 nm. Measurements were also made with s- and
at different incident and scattered geometries and wave-p-linearly-polarized incident beams with the results for un-
lengths over the complete scattering hemisphere above thepolarized scattering reported in this paper.
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Fig. 8 BRDF at 40-deg incident angle, in plane. Fig. 10 BRDF at 60-deg incident angle, in plane.
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Fig. 12 The 8-deg directional-hemispherical reflectance integrating
Fig. 11 BRDF at —30-deg incident angle, in plane. sphere.

The sample was placed in a black container with dimen-
sions 65<65xX5 mm. The container was overfilled, and the
sample was flattened without pressure. The size distribution
of the particles was the same for the entire surface.

scatterometer detector’s view of the sample was being ob-
scured by the last light-source mirror. It is evident from
Figs. 3 and 4 that the BRDF at 900 nm is lower than those
at 800 and 850 nm. This can be attributed to the well-
known ferric absorption band of the material in the 800—
900-nm spectral range. Consistent with previously reported
4.1 BRDE at Normal Incidence spectral reflectance, the BRDF of JSC Mars-1 increases
slowly from 250 to 400 nm and more rapidly above 400 nm

ghe BR%F of J%C Mars-1 Wﬁs acquireld at n?rmalzinci— until reaching the ferric absorption feature. The BRDF of
ence(0-deg incident anglein the spectral range from 250 35 \jars-1 is independent of scattering azimuth angle at

to 900 nm every 50 nm. Based on previously measured JSCpyqma| incidence(Table 4. It depends on the scattering
Mars-1 reflectance specttathis wavelength interval was zenith angle(Fig. 3), decreasing with increasing zenith
determined to be adequate for the study of the spectral de'angle from O to 60, deg. The very small differences in

pendence of the BRDF. In order to examine the forward, gppE yajyes are of a magnitude less than the scatterometer
out-of-plane, and backscattering characteristics of JSC aaqurement uncertainty of 1% and are most likely due to

Mars-1 under normal incidence, the BRDF was measured ;
. : ' subtle nonlevel features in the granular JSC Mars-1 sample.
at scattering azimuth angles of 0, 90, and 180 deg. The 9 P

0-deg angle corresponds to forward scattering, 180 deg to .

backward scattering, and 90 deg to out-of-plane scattering.#-2 BRDF at Nonnormal Angles of Incidence

The scattering zenith angles ranged from 0 to 60 deg in The BRDF of the Mars regolith sample was also measured
10-deg steps. The measured curves are shown in Fig. 3 forat nonnormal incident angles of incidence equal*ttO,

the 0- and 180-deg scattering azimuth angles, and in Fig. 420, =30, 40, 50, and-60 deg at a number of wavelengths.
for the 90-deg scattering azimuth angle. Numerical data According to Fig. 1, the incident angle is positive when the
used in Figs. 3 and 4 are provided in Table 4 of the appen- light source is rotated clockwise from normal inciderife
dix to this paper. BRDF values of zero indicate that the deg to the corresponding angle, and negative when it is

4 Results and Discussion

Table 1 JSC Mars-1 backscattering ratio.

Scattering zenith
angle (deg) Backscattering ratio

Back Forward Incident angle 10 30 50 deg
(180-deg (0-deg
azimuth)  azimuth) Wavelength 300 500 700 900 300 500 700 900 300 500 700 900 nm

—60 60 1.156 1195 1.190 1.167 1.438 1588 1590 1.528 1.904 2455 2.369 2.198
-50 50 1.185 1204 1189 1168 1.637 1.707 1.620 1.561

—40 40 1.226 1232 1192 1175 1779 1862 1668 1.607 1923 2151 1.979 1.883
-30 30 1.275 1.260 1.196 1.179 1585 1.703 1.620 1.568
—20 20 1.317 1.324 1221 1202 1560 1593 1426 1.392 1.359 1403 1.367 1.340
—10 10 1234 1243 1184 1171 1155 1178 1.166 1.155

Optical Engineering 036202-5 March 2005/Vol. 44(3)
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Table 2 Polynomial coefficients.

Wavelength

(nm) A B c D

300 —9.82894 X 104 0.29122 —0.02605 1.66337x10°2
400 3.3807 x 1073 1.19283 —0.45809 0.10327
500 4.0201 X 1073 0.34171 —0.03957 2.58476x 103
600 4.90461 x 1073 0.38612 —0.05035 3.61316x 1073
700 5.70006 X 103 0.56125 —0.10729 0.01139
800 6.15911 X 103 1.03389 —0.36472 0.07069
900 4.33566 x 1072 0.1615 —8.66674x10°3 2.43788x 10 *

rotated counterclockwise. The values of the incident anglesa positive scattering azimuth angle refers to forward scat-
at which measurements were made were chosen to be broadering and a negative one to backward scattering. In Tables
enough for best characterization of BRDF properties of the 5 through 10 the 0-deg scattering azimuth refers to forward
material. The change in BRDF of diffuse reflective materi- scattering, and the 180-deg azimuth to backward scattering.
als due to the incident angle is smooth, and a step of 10 degThe backscattering is generally higher at higher scattering
is usually used for materials characterization. The BRDF zenith angles and larger incident light angles. There is also
data at positive incident angles are shown in Figs. 5 wavelength dependence; the largest difference is registered
through 10. The BRDF is plotted at only one negative in- at 500 nm for corresponding measurement geometry. It
cident angle,—30 deg,(Fig. 11), because the data mirror reaches a maximum of 2.455 at 500 nm, with 50-deg inci-
those at positive incident angles and corresponding scatterdent and 60-deg scattering zenith angle. The lowest value,
ing geometries. In Figs. 5 through 11, the detected signal is 1,155, was measured at 300 and 900 nm at 50-deg incident
zero when the detector scattering zenith angle is equal toand 10-deg scattering zenith angles. The values in Table 1
the incident angle, that iS, when the Output mirror of the are Computer-genera’[ed from the measured data and
optical system obscured the detector’s field of view of the rgunded. The BRDF data presented in the tables for all
sample. In Fig. 5, the BRDF at 10-deg incidence was re- measurement geometries are rounded to the third decimal
corded every 50 nm from 250 to 900 nm. The BRDF at 20, for petter handling. As a consequence, the backward-

40, and 50-deg incidence, shown in Figs. 6, 8, and 9, re- fonward difference presented in Table 1 cannot be derived
spectively, was measured from 300 to 900 nm in 200-nm independently from the BRDF data tables.
steps. The BRDF at 30- and 60-deg incidence, shown in The BRDF increases from shorter to longer wavelengths

Figs. 7 and 10, was measured at 250 and 300 nm andy¢ nonnormal incident angles. The ferric absorption band in
thence every 100 nm up to 900 nm. All data were recorded e 800—-900-nm spectral region is also present.

at scattering zenith angles from O to 60 deg in 10-deg steps. e BRDF at nonnormal incident angles depends on the
The numerical data in these figures are given in the appen-geattering zenith angles in addition to the backscattering

dix (Tables 4 through 10 alread : L ; .
. o y mentioned. It decreases with increasing scattering
The experimental data on the Mars JSC-1 regolith simu- ;¢ iy "angles at the same incident angle and wavelength.

Ian.t acquired at nonnormal angles_ of incidence support therpe gRpF depends also on the scattering azimuth angle. It
claim of appreciable backscattering by the JSC Mars-1 is lower on the forward branch of in-plane scatterifedeg

planetary regolitf? The backscattering is obtained by sim- scattering azimuth higher for 90-deg out-of-plane scatter-

ply taking the difference of the BRDF at scattering angles ing (90-deg scattering azimuthand highest on the back-

symmetric to the sample normal. These scattering data are, ~rd branch of in-plané180-deg scattering azimytiscat-

compared with the forward-scattering data, and the ratio is terin
. . g geometryTable 5.
given in Table 1 at three wavelengths, 500, 700, and 900 "ty ™ 7jigity ‘and application of Helmholtz reciprocity

nm, for incident angles of 10, 30, and 50 deg. In this table to BRDFE are well known and modeled for both flat and
structured surfaces. According to that principle, we can ex-
change the incident and scattering angles without change in

Table 3 JSC Mars-1 8-deg directional-hemispherical reflectance. .
the BRDF. In our in-plane setup the BRDFs measured at

Wavelength Hemispherical positive incident angles and 0-deg scattering azimuth mir-

(nm) reflectance ror those measured at negative incident angles and 180-deg
scattering azimuth for the same wavelengths and scattering

300 0.04269 zenith angles with respect to our angle sign convention.

400 0.04655 Two of our reciprocal measurement points—evidence for

500 0.05093 reliable experimental BRDF data—are compared as fol-

600 0.10187 lows: the BRDF at 500 nm, 40-deg, incident angle, and

700 0.14445 —30-deg scattering zenith anglEig. 8) is 0.028 sr?, and

800 0.1623 the BRDF at the same wavelength30-deg incident angle,

900 0.15908 and 40-deg scattering zenith angle is again 0.028 sr
(Fig. 1.
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Table 4 JSC Mars-1 BRDF at normal incidence.

BRDF
Scattering
zenith Scattering
angle azimuth
(deg) angle 0 90 180 0 90 180 0 90 180 0 90 180 deg
250 nm 300 nm 350 nm 400 nm
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
10 0.006 0.006 0.006 0.006 0.006 0.006 0.008 0.008 0.008 0.011 0.011 0.011
20 0.005 0.005 0.005 0.006 0.006 0.006 0.007 0.007 0.007 0.009 0.009 0.009
30 0.005 0.005 0.005 0.005 0.005 0.005 0.006 0.006 0.006 0.009 0.008 0.008
40 0.005 0.005 0.005 0.005 0.005 0.005 0.006 0.006 0.006 0.008 0.008 0.008
50 0.004 0.005 0.004 0.005 0.005 0.005 0.006 0.006 0.006 0.008 0.008 0.008
60 0.005 0.005 0.005 0.005 0.005 0.005 0.006 0.006 0.006 0.008 0.008 0.008
450 nm 500 nm 550 nm 600 nm
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
10 0.017 0.017 0.017 0.023 0.023 0.023 0.035 0.035 0.035 0.047 0.047 0.047
20 0.015 0.015 0.015 0.020 0.020 0.020 0.031 0.031 0.031 0.042 0.042 0.042
30 0.013 0.013 0.013 0.018 0.018 0.018 0.029 0.029 0.029 0.040 0.039 0.039
40 0.013 0.012 0.013 0.018 0.017 0.017 0.028 0.028 0.028 0.038 0.038 0.038
50 0.012 0.012 0.012 0.017 0.017 0.017 0.027 0.027 0.027 0.037 0.036 0.037
60 0.012 0.012 0.012 0.017 0.017 0.017 0.027 0.026 0.027 0.037 0.036 0.036
650 nm 700 nm 750 nm 800 nm
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
10 0.057 0.057 0.057 0.066 0.066 0.065 0.072 0.071 0.071 0.074 0.074 0.074
20 0.052 0.052 0.052 0.060 0.060 0.060 0.066 0.065 0.066 0.068 0.068 0.068
30 0.049 0.049 0.049 0.057 0.057 0.057 0.063 0.062 0.063 0.065 0.065 0.065
40 0.047 0.047 0.047 0.055 0.055 0.055 0.061 0.060 0.060 0.063 0.062 0.063
50 0.046 0.046 0.046 0.054 0.053 0.054 0.060 0.058 0.059 0.062 0.061 0.061
60 0.047 0.045 0.046 0.055 0.053 0.053 0.060 0.058 0.059 0.063 0.060 0.061
850 nm 900 nm
0 0.000 0.000 0.000 0.000 0.000 0.000
10 0.074 0.073 0.073 0.073 0.072 0.073
20 0.068 0.068 0.068 0.067 0.067 0.067
30 0.065 0.064 0.065 0.064 0.063 0.064
40 0.063 0.062 0.063 0.062 0.061 0.062
50 0.062 0.061 0.062 0.062 0.060 0.061
60 0.063 0.060 0.061 0.062 0.059 0.061
4.3 The 8-deg Directional-Hemispherical Setup and R(P)=A+BP-CP?+DP3. (6)
Measurements

The 8-deg directional-hemispherical reflectance of JSC  The coefficients of the polynomial can be calculated by
Mars-1 was measured at wavelengths of 300, 400, 500,fitting the receiver power measured using a set of seven
600, 700, 800, and 900 nm using the same monochromaticgray Spectralon standard plates with known 8-deg
light source as with the BRDF measurements. The only directional-hemispherical reflectance. With the setup de-
hardware difference from the experimental setup describedscribed, the power was measured at each wavelength of
in the previous section is the use of an 8-deg directional- interest for each standard plate, and the coefficients were
hemispherical integrating sphere assembly mounted abovecalculated using a third-degree polynomial fitting proce-
the scatterometer sample stage, as shown in Fig. 12. Thedure. The coefficients calculated are given in Table 2, and
silicon photodiode detector was fixed to the port of the the measured 8-deg directional-hemispherical data on JSC
sphere on the right. The dependence of the hemisphericalMars-1 are given in Table 3. To verify the proposed proce-
reflectance versus receiver power is fitted using a third- dure we compared the Labsphere-measured and our mea-
degree polynomial regression: sured 8-deg directional-hemispherical reflectance values of

Optical Engineering 036202-7 March 2005/Vol. 44(3)
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Table 5 JSC Mars-1 BRDF at 10-deg incidence.

BRDF
Scattering
zenith Scattering
angle azimuth
(deg) angle 0 90 180 0 90 180 0 90 180 0 90 180 deg
250 nm 300 nm 350 nm 400 nm
0 0.006 0.006 0.006 0.006 0.006 0.006 0.008 0.008 0.008 0.011 0.011 0.011
10 0.005 0.005 0.000 0.006 0.006 0.000 0.007 0.007 0.000 0.009 0.010 0.000
20 0.004 0.005 0.006 0.005 0.005 0.007 0.006 0.007 0.008 0.008 0.009 0.011
30 0.004 0.004 0.005 0.005 0.005 0.006 0.006 0.006 0.007 0.008 0.008 0.010
40 0.004 0.004 0.005 0.004 0.005 0.006 0.005 0.006 0.007 0.007 0.008 0.009
50 0.004 0.004 0.005 0.004 0.005 0.005 0.005 0.006 0.007 0.007 0.008 0.009
60 0.004 0.004 0.005 0.005 0.005 0.005 0.005 0.006 0.006 0.007 0.008 0.009
450 nm 500 nm 550 nm 600 nm
0 0.017 0.017 0.017 0.023 0.023 0.023 0.036 0.036 0.036 0.047 0.047 0.047
10 0.015 0.016 0.000 0.020 0.022 0.000 0.031 0.034 0.000 0.042 0.045 0.000
20 0.013 0.014 0.018 0.018 0.020 0.024 0.029 0.031 0.037 0.039 0.042 0.049
30 0.012 0.013 0.015 0.017 0.019 0.021 0.027 0.029 0.033 0.036 0.039 0.045
40 0.012 0.013 0.014 0.016 0.018 0.020 0.026 0.028 0.031 0.035 0.038 0.042
50 0.011 0.012 0.014 0.016 0.017 0.019 0.025 0.027 0.030 0.034 0.037 0.041
60 0.011 0.012 0.014 0.016 0.017 0.019 0.025 0.027 0.030 0.034 0.036 0.041
650 nm 700 nm 750 nm 800 nm
0 0.058 0.058 0.058 0.066 0.066 0.066 0.071 0.071 0.071 0.074 0.074 0.074
10 0.052 0.055 0.000 0.060 0.063 0.000 0.065 0.069 0.000 0.067 0.071 0.000
20 0.048 0.051 0.059 0.056 0.059 0.068 0.061 0.065 0.073 0.063 0.067 0.076
30 0.045 0.049 0.055 0.053 0.056 0.063 0.058 0.062 0.069 0.060 0.064 0.071
40 0.044 0.047 0.052 0.051 0.054 0.061 0.056 0.060 0.066 0.058 0.062 0.069
50 0.043 0.046 0.051 0.050 0.053 0.059 0.055 0.058 0.065 0.057 0.060 0.067
60 0.043 0.045 0.051 0.050 0.052 0.060 0.055 0.058 0.065 0.058 0.060 0.068
850 nm 900 nm
0 0.074 0.074 0.074 0.073 0.073 0.073
10 0.067 0.070 0.000 0.066 0.070 0.000
20 0.063 0.067 0.076 0.062 0.066 0.075
30 0.060 0.064 0.071 0.059 0.063 0.070
40 0.058 0.062 0.069 0.058 0.061 0.068
50 0.057 0.060 0.067 0.057 0.060 0.067
60 0.058 0.060 0.068 0.057 0.059 0.067

Spectralon samples of nominal reflectance 5%, 10%, 20%, experimental data show a flat BRDF response in the UV
40%, 60%, 80%, and 99%. It was found that the difference with increasing deviation from the Lambertian at higher
between the two measurements is better thd%o for the ~ wavelengths. The BRDF depends on both the incident and

entire spectral range of interest. scattered light angles. The difference can be up to 13.88%
for a 10-deg change of the scattering zenith angle at 500
5 Conclusions nm. The BRDF at all wavelengths measured is symmetrical

The BRDF and 8-deg directional-hemispherical reflectance t0 the normal at normal incidence. Strong optical back-
of the Martian regolith simulant JSC Mars-1 were mea- Scattering from the sample is detected, supporting the plan-
sured in the UV, visible, and near-IR spectral regions. The €tary regolith simulant scattering models as presented by
sample exhibits a wide range of BRDF values depending Some authoré? The reciprocity of the BRDF is confirmed

on the scattering geometry. Different angles of incidence for the material. Some 8-deg directional-hemispherical
from 0 to 60 deg, scattering zenith angles from 0 to 60 deg, measurements are also presented. They give additional data
and scattering azimuth angles 0, 90, and 180 deg were uses®n the material reflectance properties. The diffuse-
for the full characterization of the sample. The reported scattering and 8-deg directional-hemispherical data from
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Table 6 JSC Mars-1 BRDF at 20-deg incidence.

BRDF
Scattering
zenith Scattering
angle azimuth
(deg) angle 0 180 0 180 0 180 0 180 deg
300 nm 500 nm 700 nm 900 nm
0 0.006 0.006 0.021 0.021 0.061 0.061 0.067 0.067
10 0.005 0.007 0.019 0.024 0.056 0.069 0.062 0.075
20 0.005 0.000 0.017 0.000 0.053 0.000 0.059 0.000
30 0.004 0.007 0.016 0.026 0.050 0.073 0.056 0.080
40 0.004 0.006 0.015 0.023 0.049 0.069 0.055 0.076
50 0.004 0.006 0.015 0.022 0.047 0.067 0.054 0.075
60 0.004 0.006 0.015 0.022 0.047 0.067 0.054 0.075
Table 7 JSC Mars-1 BRDF at 30-deg incidence.
BRDF
Scattering
zenith Scattering
angle azimuth
(deg) angle 0 180 0 180 0 180 0 180 deg
300 nm 400 nm 500 nm 600 nm
0 0.005 0.005 0.009 0.009 0.019 0.019 0.041 0.041
10 0.005 0.006 0.008 0.010 0.017 0.022 0.037 0.045
20 0.004 0.007 0.007 0.012 0.016 0.026 0.035 0.052
30 0.004 0.000 0.007 0.000 0.015 0.000 0.033 0.000
40 0.004 0.008 0.007 0.013 0.015 0.028 0.032 0.057
50 0.004 0.007 0.007 0.012 0.015 0.026 0.032 0.054
60 0.005 0.007 0.007 0.011 0.016 0.025 0.032 0.052
700 nm 800 nm 900 nm
0 0.058 0.058 0.065 0.065 0.064 0.064
10 0.054 0.063 0.060 0.071 0.060 0.070
20 0.050 0.072 0.057 0.080 0.057 0.079
30 0.048 0.000 0.055 0.000 0.055 0.000
40 0.047 0.079 0.054 0.087 0.053 0.086
50 0.046 0.075 0.053 0.084 0.053 0.083
60 0.047 0.075 0.054 0.083 0.054 0.082
Table 8 JSC Mars-1 BRDF at 40-deg incidence.
BRDF
Scattering
zenith Scattering
angle azimuth
(deg) angle 0 180 0 180 0 180 0 180 deg
300 nm 500 nm 700 nm 900 nm
0 0.005 0.005 0.018 0.018 0.056 0.056 0.062 0.062
10 0.005 0.006 0.017 0.020 0.052 0.061 0.058 0.068
20 0.004 0.006 0.016 0.023 0.049 0.068 0.055 0.075
30 0.004 0.008 0.015 0.028 0.047 0.079 0.053 0.086
40 0.004 0.000 0.015 0.000 0.045 0.000 0.052 0.000
50 0.004 0.009 0.015 0.032 0.045 0.090 0.051 0.098
60 0.005 0.008 0.015 0.030 0.045 0.088 0.052 0.096
036202-9 March 2005/Vol. 44(3)
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Table 9 JSC Mars-1 BRDF at

50-deg incidence.

BRDF
Scattering
zenith Scattering
angle azimuth
(deg) angle 0 180 0 180 0 180 0 180 deg
300 nm 500 nm 700 nm 900 nm
0 0.005 0.005 0.018 0.018 0.055 0.055 0.061 0.061
10 0.005 0.005 0.017 0.019 0.052 0.060 0.057 0.066
20 0.004 0.006 0.016 0.022 0.049 0.067 0.055 0.073
30 0.004 0.007 0.015 0.026 0.047 0.076 0.053 0.083
40 0.005 0.009 0.015 0.032 0.045 0.090 0.052 0.098
50 0.005 0.000 0.015 0.000 0.045 0.000 0.052 0.000
60 0.006 0.011 0.016 0.039 0.046 0.108 0.053 0.116
Table 10 JSC Mars-1 BRDF at 60-deg incidence.
BRDF
Scattering
zenith Scattering
angle azimuth
(deg) angle 0 180 0 180 0 180 0 180 deg
300 nm 400 nm 500 nm 600 nm
0 0.005 0.005 0.008 0.008 0.018 0.018 0.038 0.038
10 0.005 0.005 0.008 0.009 0.017 0.019 0.036 0.041
20 0.005 0.006 0.008 0.010 0.016 0.021 0.034 0.046
30 0.005 0.007 0.008 0.011 0.016 0.025 0.033 0.053
40 0.005 0.008 0.008 0.014 0.016 0.030 0.033 0.062
50 0.006 0.010 0.009 0.018 0.017 0.039 0.033 0.078
60 0.007 0.000 0.011 0.000 0.019 0.000 0.035 0.000
700 nm 800 nm 900 nm
0 0.055 0.055 0.062 0.062 0.061 0.061
10 0.051 0.059 0.058 0.067 0.058 0.066
20 0.049 0.066 0.056 0.074 0.056 0.072
30 0.048 0.074 0.054 0.083 0.054 0.081
40 0.047 0.086 0.054 0.096 0.054 0.094
50 0.048 0.106 0.055 0.118 0.056 0.115
60 0.050 0.000 0.059 0.000 0.061 0.000

these studies are important for the analysis of spectral data 2

obtained at future Mars space- and ground-based observa- 5

tions. They can be also used for calibration of existing data.

The high quality of the data is supported by the fact that the 4

measurements were done on a high-accuracy scatterometer

located in a clean-room calibration facility and the results 5.

are traceable to the measurements made at NIST.

6.

6 Appendix

The BRDF data on the Mars JSC-1 regolith simulant are 7.

presented numerically in Tables 4—10.
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